Abstract Physical uptake of anthropogenic CO 2 is the dominant driver of ocean acidification (OA) in the open ocean. Due to expected decreases in calcification and increased dissolution of CaCO 3 framework, coral reefs are thought to be highly susceptible to OA. However, biogeochemical processes can influence the pCO 2 and pH of coastal ecosystems on diel and seasonal time scales, potentially modifying the long-term effects of increasing atmospheric CO 2 . By compiling data from the literature and removing the effects of short-term variability, we show that the average pCO 2 of coral reefs throughout the globe has increased 3.5-fold faster than in the open ocean over the past 20 years. This rapid increase in pCO 2 has the potential to enhance the acidification and predicted effects of OA on coral reef ecosystems. A simple model demonstrates that potential drivers of elevated pCO 2 include additional anthropogenic disturbances beyond increasing global atmospheric CO 2 such as enhanced nutrient and organic matter inputs.
Introduction
The conventional view of ocean acidification (OA) is based on the oceanic uptake of anthropogenic CO 2 emissions and subsequent reduction in seawater pH [Doney et al., 2009; Bates and Dickson, 2012] . However, considering atmospheric CO 2 as the sole driver may only apply to the open ocean as a number of additional anthropogenic perturbations can influence carbonate chemistry in coastal ecosystems [Andersson et al., 2013; Duarte et al., 2013] . Coral reefs exhibit some of the largest diel and seasonal seawater pCO 2 and pH variability of coastal ecosystems, with pCO 2 occasionally well above what is projected for the open ocean by the turn of the century due to anthropogenic CO 2 emissions [Kayanne et al., 1995; Bates, 2002; Silverman et al., 2007; Anthony et al., 2011] . Multiple drivers are known to contribute to this variability including watershed inputs of nutrients and organic matter and community metabolism [Suzuki et al., 2001; Anthony et al., 2011; Duarte et al., 2013] . Unfortunately, no long-term monitoring stations analogous to those in open ocean surface waters [e.g., Doney et al., 2009; Friedrich et al., 2012; Bates et al., 2014] exist in coral reefs which would allow for the integration of long-term trends beyond diel and seasonal variability.
It is estimated that over 50% of coral reefs across the globe experience medium-high to very high humanrelated impacts from a combination of overfishing, nutrient inputs, pollutants, and other disturbances [Halpern et al., 2008] . These anthropogenic impacts are known to effect community level metabolic processes and could play an important and synergistic role in the acidification of coral reefs. Models indicate that the natural variability of coral reef seawater carbonate chemistry will be amplified by increasing atmospheric CO 2 due to a decrease in seawater buffering capacity [Jury et al., 2013; Shaw et al., 2013] . Therefore, any anthropogenic perturbations to ecosystem level drivers of coral reef seawater carbonate chemistry could be equally important as increasing atmospheric CO 2 in raising the average pCO 2 of these ecosystems. A recent seasonal data set in a Bermuda coral reef implied that OA could be partially buffered by changes to coral reef metabolism [Andersson et al., 2013] . Here we use global observations integrated over at least one diel cycle and a simple model of coral reef metabolism to show that the average pCO 2 of coral reefs has increased faster than open ocean pCO 2 , most likely due to local anthropogenic disturbances to the metabolic balance of coral reef ecosystems. This rapid increase in pCO 2 has the potential to enhance the predicted effects of OA on coral reefs.
were taken over at least one diel cycle. In the case that seasonal measurements were taken, a yearly average is shown. When CO 2 levels were reported as fCO 2 in the original study, it was converted to pCO 2 by multiplying by 1.003, as this is the difference between fugacity and partial pressure of CO 2 at typical in situ temperatures. In order to normalize pH to the total scale, 0.13 was subtracted from all values on the National Bureau of Standards (NBS) scale. The transformation of pH from NBS to total scale is supported by the observed trend, which is consistent with changes in pCO 2 over the same time period. When averages were not available explicitly in the text of original publications, the graph digitation program GetData (v2.25) was used to extract data. Analysis of covariance was performed to determine the statistical difference between regressions using the MATLAB Statistical Toolbox.
Model Description
A model was developed to evaluate how changes to coral reef metabolism influence average pCO 2 over a diel cycle. The model considers changes in dissolved inorganic carbon (DIC) and total alkalinity (TA) based on measurements made at Heron Island (Australia) [McMahon et al., 2013] . Diel changes in the concentrations of DIC and TA were driven by processes of photosynthesis (light and autotrophic biomass dependent), respiration (total biomass dependent), calcification (light and coral biomass dependent), CaCO 3 dissolution (coral biomass dependent), and mixing of lagoon seawater with an open ocean end-member as
with B denoting the autotrophic biomass (expressed in μmol kg represent modern oligotrophic open ocean pCO 2 levels of about 400 μatm at an observed salinity of 34 and a temperature of 26°C. Autotrophic and coral biomass were set to identical levels, and then k p , k r , k c , k d , and k m were tuned to fit observations of diurnal variability in DIC, TA, and pCO 2 and the corresponding mean levels (Figure 1 ). [Gattuso et al., 1999a; McMahon et al., 2013] . The differential equations (equations (1) and (2)) were solved numerically with the MATLAB ode45 solver [Shampine and Reichelt, 1997] until reaching steady state conditions. Carbonate chemistry speciation such as pH and pCO 2 was calculated from modeled DIC and TA using the temperature-and salinity-dependent stoichiometric equilibrium constants for carbonic acid determined by Mehrbach et al. [1973] as refitted by Lueker et al. [2000] . To estimate the magnitude of the pure chemical effect of increasing open ocean pCO 2 by 40 μatm during the last 20 years, the open ocean DIC end-member was reduced to 1978 μmol kg 1 , corresponding to a pCO 2 of 360 μatm.
Results

A Global Trend of Rapidly Increasing Coral Reef pCO 2
Globally distributed observations show an increasing trend in the diel average of pCO 2 in coral reefs since 1966 (R 2 = 0.42, F = 35.08, p < 0.001, and n = 51) ( Figure 2a and Table S1 in the supporting information).
The majority of values fall above the line of atmospheric CO 2 indicating that increasing coral reef pCO 2 is not being driven solely by atmospheric forcing. In the past~20 years, open ocean surface pCO 2 has increased at a rate of~1.9 μatm yr À1 [Doney et al., 2009; Bates and Dickson, 2012; Bates et al., 2014] . A linear regression of average coral reef pCO 2 (R 2 = 0.34, F = 23.13, p < 0.001, and n = 48) since 1992 indicates that the pCO 2 of coral reefs has increased at a rate of 6.6 ± 1.4 μatm yr À1 ,~3. 
Geophysical Research Letters
10.1002/2014GL060849
Evaluating Potential Drivers of Changes in pCO 2
Based on 1 month of carbonate chemistry observations in a coral reef flat community (Heron Island, GBR) [McMahon et al., 2013] a simple model was developed to evaluate how changes to coral reef metabolic processes affect the diel average of pCO 2 . Increasing bulk coral reef metabolism (i.e., increases in both photosynthesis (P) and respiration (R) equally) led to an increase in average diel pCO 2 . Increasing P and R equally by 10% above current values increased the average pCO 2 by 9 μatm, while decreasing bulk metabolism 10% below current values decreased the average pCO 2 by 8 μatm (Figure 3a) . Changing the calcification rate had a similar effect on pCO 2 , with a 10% decrease in calcification decreasing average pCO 2 by 11 μatm and an increase in calcification by 10% raising the pCO 2 by 12 μatm (Figure 3b ). Changes to the ratio of photosynthesis to respiration (P/R) had the greatest effect on average pCO 2 . A decrease in P/R of 10% below the current value increased average diel pCO 2 by 130 μatm, while an increase in P/R of 10% decreased the average pCO 2 by 96 μatm (Figure 3c ).
Discussion
Robustness and Potential Artifacts in the Trend
Diel metabolic processes in coral reefs [e.g., Schmalz and Swanson, 1969; Shaw et al., 2012] are the largest possible source of carbonate chemistry variation in coral reef ecosystems. Therefore, averaging carbonate chemistry parameters over at least one diel cycle acts to remove this source of variability from the data set. The biogeochemical processes controlling carbonate chemistry in coral reefs can be influenced by physical variables such as currents and light availability [e.g., Marubini et al., 2001; Suzuki and Kawahata, 2003 ] that vary over daily and seasonal time scales. However, any error introduced from variation in short-term physical drivers such as light availability due to changes in cloud cover would be random and nonsystematic. Any shortterm error of this sort would be expected to conceal or blur any long-term trends in pCO 2 . Furthermore, using data from various systems, locations, and seasons would tend to create noise but no trend. Therefore, we consider the observed global trend to be robust in spite of any inherent short-term variation in coral reef carbonate chemistry.
To evaluate the potential causes behind this rapid increase in coral reef pCO 2 , influences of seasonality, temperature, study length, methodology, and coral reef type were first examined. The majority of seasonal coral reef pCO 2 variability is due to temperature effects and changes in community metabolism [Bates, 2002] . Besides a surplus of summer months during 2000-2010, seasons were well distributed throughout the data set (see Table S1 in the supporting information). There was no significant difference in the slope of the linear regression between pCO 2 and year since 1992 when all summer months were removed from the analysis or (a) Changes in overall coral reef metabolism, with a 10% decrease or increase in both photosynthesis and respiration rates; (b) changes in calcification rate, with a 10% decrease or increase; and (c) changes in the balance between photosynthesis (P) and respiration (R), with a decrease or increase in P/R by 10% in comparison to modern day conditions. Numbers denote the mean pCO 2 levels over the entire diel cycle during the different model runs.
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when only summer months were used in the analysis (Figure 4a) . Also, when pCO 2 was normalized to the mean temperature of the data set (26.4°C) using the equation from Takahashi et al. [1993] there was no significant difference from the trend in Figure 2b . Over the past 50 years, an 0.5°C increase in the average oceanic temperature can only account for an increase in pCO 2 of 10 μatm [Sweeney et al., 2002] , which is well below the~170 μatm increase observed in the mean coral reef pCO 2 over the same time period. Therefore, seasonal and long-term temperature variations alone cannot explain the observed increase in coral reef pCO 2 . There was no significant correlation between the study length and average pCO 2 , indicating that the length of the studies had no effect on the observed long-term trend. Also, there was no significant difference between the regressions of increasing pCO 2 when only measured pCO 2 values were used, indicating that the method used to calculate pCO 2 from measurements of other carbonate chemistry parameters had no effect on the observed long-term trend.
An analysis of diverse coral reef types demonstrated that coral reef type can influence water column carbonate chemistry parameters [Suzuki and Kawahata, 2003] . Some of the main factors influencing coral reef carbonate chemistry were determined to be proximity to land, terrestrial nutrient inputs, and the residence time of reef water masses. However, the major determinant of whether or not a reef was a source or sink of CO 2 to the atmosphere was a system-level net organic-to-inorganic carbon production ratio (R OI ) or ratio of net photosynthesis to calcification [Suzuki and Kawahata, 2003] . This agrees well with our model, which showed the largest metabolic influence on average coral reef pCO 2 to be changes in the ratio of photosynthesis to respiration (Figure 3) . In order to examine any possible bias of coral reef type in our data set, each reef system was categorized as either fringing, atoll, or fringing-atoll (Table S1 in supporting information). These categories are largely representative of the proximity of each reef to a significant landmass, one of the more important factors shown to control carbonate chemistry by Suzuki and Kawahata [2003] . For example, Kaneohe Bay was categorized as fringing due to the high likelihood of terrestrial inputs, Eniwetok Lagoon was categorized as an atoll due to its relative isolation, and Heron Island was categorized as fringing atoll (~70 km from land). While the outer GBR reefs like Heron Island are relatively far from land, they have been shown to accumulate terrestrial-derived contaminants [Burns and Brinkman, 2011] . The vast majority of reefs surveyed since 1992 were fringing reefs and were therefore most likely to experience some terrestrial influences (Table S1 in the supporting information). The trend in the mean pCO 2 changes slightly when only fringing reefs were included in the analysis, with the rate of change for pCO 2 increasing (6.58 μatm yr À1 versus 8.38 μatm yr
À1
), although the difference is not significant (Figure 4b ). This increase may be indicative of land base inputs having a greater influence on fringing reefs and would be expected of reefs that are within closer to proximity to land (discussed in detail later). Recent models have demonstrated that a decrease in the buffering capacity of open ocean seawater due to increasing pCO 2 could lead to dramatic increases in the diel variability and averages of pCO 2 observed in coral reef systems [Jury et al., 2013; Shaw et al., 2013] . This increase in pCO 2 variability is largely due to an increase in the Revelle factor as more CO 2 is dissolved into the ocean. In order to determine the purely chemical effect of increasing the open ocean Revelle factor, our model was run with an end-member set to the open ocean carbonate chemistry from~20 years ago (pCO 2 = 360 μatm; Figure 2 ). The decrease in buffer capacity caused by a 40 μatm increase in atmospheric CO 2 led to an additional 10 μatm increase in the diel average pCO 2 at Heron Island. Thus, the increase in average pCO 2 during the last 20 years would have been~2.5 μatm yr À1 instead of~2 μatm yr À1 , and while this increase is greater than what would be expected in the open ocean, it cannot explain the global trend observed in coral reefs. Jury et al. [2013] modeled greater increases (up to 2 times the open ocean) in the average pCO 2 of a Hawaiian coral reef due to reduced buffering capacity and an increase in seawater residence time. In either case, current changes to the Revelle factor are not great enough to explain the accelerated increase in coral reef pCO 2 ; however, this process will likely become much more important in the coming decades [Shaw et al., 2013] .
The Influence of Changing Reef Metabolism
Our model based on Heron Island carbonate chemistry data allows us to quantitatively determine whether realistic changes in coral reef metabolism can explain the observed trend in pCO 2 . Diel variability in coral reef pCO 2 is mainly driven by benthic metabolic processes (i.e., respiration, photosynthesis, calcification, and CaCO 3 dissolution), and the diel amplitude is often greater than that of seasonal changes. High calcification rates are thought to be the main reason that coral reefs are sources of CO 2 to the atmosphere [Gattuso et al., 1999b] . Calcification increases CO 2 through the uptake of TA, as~0.6 mol of CO 2 is released for each mole of CaCO 3 formed [Frankignoulle et al., 1994] . Coral calcification rates in the GBR have decreased~10-14% over the past 50 years [De'ath et al., 2009] , and OA is expected to further reduce calcification rates [e.g., Silverman et al., 2009; Shamberger et al., 2011] . The magnitude of this change is similar to that tested in our model (10%), which resulted in a small decrease in average pCO 2 (Figure 3b ). Since calcification shifts the carbonate system toward CO 2 , any reduction in calcification would reduce the mean pCO 2 , which is opposite to our observations (Figure 2) . Therefore, any decreases in the calcification rates of coral reefs over the past 50 years could not possibly have accounted for the observed changes in the mean pCO 2 .
Primary production and respiration can exert strong control on seawater carbonate chemistry and are thought to be near balanced in coral reef systems due to the rapid turnover and cycling of nutrients and organic matter (OM) [Gattuso et al., 1998 ]. As photosynthesis and respiration change the dissolved inorganic carbon (DIC) concentrations over the course of a day, increases in pCO 2 are greater than decreases due to changes in the Revelle factor ( Figure 3 ) [Suzuki, 1998; Jury et al., 2013; Shaw et al., 2013] . Therefore, the tight coupling of respiration and photosynthesis in coral reefs means that a bulk increase in coral reef metabolism would lead to a higher average pCO 2 and lower average pH. Any changes in the ratio of production to respiration (P/R) could also lead to changes in the average pCO 2 of coral reefs. Interestingly, increases in global ocean temperatures could preferentially stimulate respiration over photosynthesis [Brown et al., 2004; Harris et al., 2006] . If this occurs in coral reefs, it would act to raise the mean pCO 2 even quicker than stimulating both photosynthesis and respiration equally (Figure 3 ). The changes in the observed pCO 2 are similar in magnitude to the changes in pCO 2 derived from changes to coral reef metabolic processes (particularly the ratio of P/R) projected by our model (Figures 2 and 3) . Therefore, realistic changes to the metabolic balance of coral reefs have the potential to significantly affect the average pCO 2 , resulting in an increase in pCO 2 equal or greater in magnitude to increases due to changing atmospheric CO 2 .
Potential Drivers of Changes to Coral Reef Metabolism
Our model demonstrates that relatively modest changes in coral reef metabolism could account for the rapid increase in average coral reef pCO 2 . However, have there been anthropogenic drivers that could have caused changes in community metabolism over the past 50 years? Terrestrial-derived sediment, nutrient, and OM inputs represent some of the major anthropogenic pressures on coral reef ecosystems Pandolfi et al., 2003] . A significant human alteration of the global nitrogen and phosphorus cycles [Rockström et al., 2009] now delivers excess nutrients to coral reefs via surface runoff, submarine groundwater discharge, and atmospheric deposition [Fabricius, 2005] . Due to the tight coupling of photosynthesis and respiration,
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increased nutrient loading to coral reefs could lead to higher average pCO 2 levels by stimulating overall coral reef metabolism. Also, increased OM inputs in the form of particulate and dissolved organic matter could lower the P/R ratio of reefs and increase the average pCO 2 even more dramatically than changing the bulk metabolism. In fact, the input of terrestrial-derived OM was associated with elevated pCO 2 within the GBR lagoon [Suzuki et al., 2001] . Therefore, it is possible that anthropogenic inputs of nutrients and OM along with impacts to watershed processes (e.g., increased runoff) could drive changes in coral reef metabolism leading to increases in the average pCO 2 of coral reefs.
An example of high pCO 2 associated with terrestrial inputs was observed in a coral reef lagoon in the Cook Islands, where submarine groundwater discharge was a major driver of pCO 2 dynamics . Kaneohe Bay, Hawaii, has some of the highest average pCO 2 values reported in worldwide coral reefs (see Table S1 in the supporting information) and is considered to have large inputs of terrestrial nutrients and OM [Ringuet and Mackenzie, 2005; Drupp et al., 2011] . The high average pCO 2 in Kaneohe Bay may be indicative of high rates of OM remineralization and the intimate connection between coral reef primary productivity and respiration. Reef metabolism at Kaneohe Bay has also been shown to be net heterotrophic, which corresponds to a P/R ratio below 1 [Shamberger et al., 2011] . The P/R of coral reefs may be highly dependent on the production and storage of OM. For example, the input of nutrients from sewage discharge resulted in pelagic algal blooms in Kaneohe Bay between~1960 and 1970 [Smith et al., 1981] . The pelagic blooms subsided soon after the sewage discharge ceased; however, macroalgae abundance remained elevated due to nutrients stored in sediments [Szmant, 2002] . The eutrophication of Kaneohe Bay may offer insights into the long-term storage of OM in the sediments of reef habitats and subsequent remineralization and export of CO 2 to the water column.
Episodic events such as bleaching and storms can also have a significant influence on the pCO 2 of coral reef ecosystems by disturbing the reef's metabolic balance. Bleaching-induced stress and respiration were associated with an~50 μatm increase in the average pCO 2 of a coral reef, most likely due to the release of high amounts of OM [Kayanne et al., 2005] . Tropical cyclones have also been shown to increase coral reef pCO 2 over short time scales through increased terrestrial runoff, increases in respiration, and habitat destruction [Gray et al., 2012; Manzello et al., 2013] . Therefore, increases in bleaching [Hoegh-Guldberg et al., 2007] and tropical cyclones [Holland and Webster, 2007] over the last 50 years could have contributed to the increasing average pCO 2 of coral reefs. In addition, the historical overfishing of coral reefs is thought to have shifted community structure through the loss of herbivores and the proliferation of crown of thorns starfish, which may impact the inorganic carbon biogeochemistry of coral reef ecosystems [Jackson et al., 2001] .
Conclusions
In summary, we detected an overarching trend of increasing coral reef pCO 2 over the past 50 years, with an accelerated increase over the last 20 years. This accelerated increase is most likely explained by a combination of disturbances to the metabolic balance of coral reef ecosystems. These disturbances include anthropogenic perturbations to natural drivers of pCO 2 such as nutrient and OM loading, habitat degradation through intensified storms, bleaching, overfishing, and anthropogenic climate forcings. In coral reefs regional disturbances to drivers of seawater carbonate chemistry may be equally as important as increasing atmospheric CO 2 in raising the average diel pCO 2 . This trend may also apply to other coastal ecosystems which are known sources of CO 2 to the atmosphere such as estuaries. Therefore, combating the acidification of coral reefs may require not only reducing global CO 2 emissions, but also managing the regional biogeochemical perturbations (e.g., nutrient and OM loading) of carbonate chemistry in individual systems.
